Ventilator-free days (VFDs) are a commonly reported composite outcome measure in acute respiratory distress syndrome trials. VFDs combine survival and duration of ventilation in a manner that summarizes the "net effect" of an intervention on these two outcomes. However, this combining of outcome measures makes VFDs difficult to understand and analyze, which contributes to imprecise interpretations. We discuss the strengths and limitations of VFDs and other "failure-free day" composites, and we provide a framework for when and how to use these outcome measures. We also provide a comprehensive discussion of the different analytic methods for analyzing and interpreting VFDs, including Student's t tests and rank-sum tests, as well as competing risk regressions treating extubation as the primary outcome and death as the competing risk. Using simulations, we illustrate how the statistical test with optimal power depends on the relative contributions of mortality and ventilator duration on the composite effect size. Finally, we recommend a simple analysis and reporting framework using the competing risk approach, which provides clear information on the effect size of an intervention, a statistical test and measure of confidence with the ability to adjust for baseline factors and allow interim monitoring for trials. We emphasize that any approach to analyzing a composite outcome, including other "failure-free day" constructs, should also be accompanied by an examination of the components.
Ventilator-free days (VFDs) at 28 days are one of several organ failure-free outcome measures used in critical care (Table 1) to quantify the efficacy of therapies and interventions (1, 2) . The failure-free day concept was developed to summarize the effect of an intervention on morbidity in the presence of the competing event of death (3) . Frequently used in adult and pediatric acute respiratory distress syndrome (ARDS) trials, VFDs are one of the most common iterations of failure-free days (4) (5) (6) . VFDs are typically defined as follows (1): d VFDs = 0 if subject dies within 28 days of mechanical ventilation. d VFDs = 28 2 x if successfully liberated from ventilation x days after initiation.
d VFDs = 0 if the subject is mechanically ventilated for .28 days.
The 28-day time frame was initially chosen because most subjects with ARDS will have died or been extubated by Day 28 (1) , although VFDs at 60 days have been reported in at least one ARDS trial (7) . Despite their widespread use, critical assessment of the measurement and analysis of VFDs and other failure-free days is limited (8, 9) . The goals of this review are to discuss the advantages and limitations of VFDs and to provide recommendations based on an assessment of available strategies to analyze and report the outcome of a study when duration of ventilation is determined to be a meaningful outcome measure and death is a competing event to be either accounted for or simultaneously assessed as a clinically meaningful outcome measure.
Rationale for VFDs
VFDs were considered for ARDS trials as early as the 1994 American-European Consensus Conference (10) and indeed offer several attractions. First, and most significantly, VFDs penalize nonsurvivors, thus making this a more defendable endpoint for trials than comparing total ventilator duration or ventilator duration in survivors (11) . Second, as a continuous measure, VFDs provide greater statistical power to detect a treatment effect than the binary outcome measure of mortality (1) . Third, ARDS is heterogeneous, with substantial mortality risk conferred by underlying comorbidities and concurrent nonpulmonary organ failures; only a minority of deaths are actually caused by ARDS itself (12, 13) . Thus, it is unlikely that interventions predominantly targeting lung injury would have substantial effects on mortality, whereas such interventions should plausibly shorten ventilator duration (1) . This rationale has become more salient as control group mortality has decreased by half in ARDS trials in the 25 years since it was proposed in 1994 (14) . Lower mortality has made the sample sizes required to detect meaningful reductions in mortality impractical (15) . Fourth, VFDs implicitly assume that interventions that improve respiratory physiology will plausibly both shorten ventilator duration and improve mortality, thereby increasing efficiency as an outcome measure. Finally, shortened ventilator duration is clinically and economically meaningful. Patients will have less exposure to the risks of mechanical ventilation, including discomfort, sedation, delirium, neuromuscular weakness, and ventilatorassociated infections, whereas payers see benefits to shorter ICU stays and fewer complications. Furthermore, prolonged ventilator duration is associated with both ICU and postdischarge morbidity (16) and mortality in adults (17) (18) (19) , justifying the ventilator duration component of VFDs as a patient-centered outcome measure.
Limitations of Using FailureFree Days
Although VFDs and other failure-free days offer inferential benefits, they also create several limitations. The main criticism is that a single composite risk estimate does not adequately distinguish between component risks (20) . This is especially salient when one of the components (mortality) is considerably more important than the other component (ventilation duration) (Figure 1 ). Because subjects are assigned equal weight for death as for being ventilated for 28 days or longer (21, 22) , VFDs can give an ambiguous impression that an intervention reduces both death and ventilator duration, whereas the less important component of ventilator duration commonly drives the effect. This has been observed in several trials. For example, in the fluid management arm of the FACTT (Fluid and Catheter Treatment Trial) study, conservative fluid management resulted in 2.57 additional VFDs, driven almost entirely by shorter ventilator duration (22) . In the LaSRS (Late Steroid Rescue Study) trial, methylprednisolone resulted in identical 60-day mortality (primary endpoint) but more VFDs at 28 days. The 28-day time frame masked that the greater VFDs were due to faster extubation in the methylprednisolone group (implying benefit), but this did not account for subsequent reintubation (threefold higher in the methylprednisolone group) and subsequent mortality.
This ambiguity associated with composite outcome measures is consistent with a recent assessment of the cardiology literature (23, 24) , which suggested that composite outcomes have a large gradient of importance and that less important endpoints occur more frequently and thus drive effect estimates. For example, a trial of irbesartan versus amlodipine or placebo showed benefit of irbesartan over amlodipine for the composite outcome of doubling of creatinine, onset of end-stage renal disease, or death of any cause (25) . However, doubling of creatinine was the most common component of the composite to occur, accounting for more than 50% of all component events. Furthermore, mortality was also nominally higher with irbesartan, calling into question the clinical utility of conclusions based on assessment of a single composite outcome measure.
A related issue with VFDs, as with all composite outcome measures, is that the gains in statistical efficiency using VFDs are realized only if the intervention affects each component in the same direction (1) , an assumption that is not always explicitly assessed before using VFDs. This was the problem encountered during the LaSRS trial, wherein methylprednisolone shortened ventilator duration up to 28 days but also contributed to reintubations and later mortality, resulting in a misleading interpretation of VFDs that inappropriately cast methylprednisolone as advantageous. Mortality and ventilator duration being oppositely affected by an intervention negates the efficiency and utility of VFDs, rendering a trial uninterpretable. Thus, a risk of using failure-free day composites is to make an intervention appear more efficacious than it actually is. This problem is compounded by poor reporting of the components of VFDs, leaving readers uncertain about which component is driving the effect. The term "VFDs" itself is confusing because the reference to "days" seems to imply differences in ventilator duration rather than mortality. Another concern with how VFDs are used is the lack of a standardized definition. In an analysis of 55 papers reporting VFDs, only 34 (62%) detailed how VFDs were calculated, with 13 different definitions used (9 Given the limitations inherent to VFDs and other failure-free days as outcome measures, two main criteria should be met before using this composite as a primary outcome measure. First, the simpler and more clinically meaningful endpoint of mortality should be impractical. In many situations, mortality is too infrequent to be useful. In pediatric ARDS, for instance, mortality is consistently less than 20% (26, 27 ). This does not necessarily imply that VFDs should be used; it just means that VFDs should be considered as one of several potential approaches, each with its own strengths and limitations. Strategies for prognostic enrichment could mitigate some of the concerns regarding low baseline mortality rates. Recent trials of neuromuscular blockade (28) and prone positioning (29) in adult ARDS restricted enrollment to subjects with Pa O 2 /FI O 2 less than 150, with double the baseline mortality rates of other contemporary ARDS trials enrolling subjects with Pa O 2 /FI O 2 less than or equal to 300 (4, 6), thereby allowing both trials to use mortality as the primary endpoint.
Second, it must be clinically and biologically plausible that the tested intervention affects both ventilator duration (or organ failure or ICU stay) in the same direction as mortality. VFDs cannot be chosen solely because mortality is impractical or infrequent; the efficiency of this composite outcome is best realized when the two components (mortality and ventilator duration) are both improved simultaneously by the tested treatment, even if only nominally. This is significant not only for the statistical performance of VFDs; it is also critical for acceptance of trial results using this outcome. Readers and • Figure 1 . Different clinical trajectories of subjects assigned to (A) 0 or (B) 14 ventilator-free days. A criticism of ventilator-free days is that the "net effect" being reported does not adequately discriminate between these distinct patient outcomes.
practitioners should feel confident that VFDs appropriately capture the combined effect of an experimental intervention on both mortality and ventilator duration. For some tested interventions in ARDS, such as conservative fluid balance (22), it is plausible that the mechanism by which the intervention shortens mechanical ventilation also benefits mortality, given the associations between fluid overload and mortality. However, this is not always the case, nor is it always obvious prospectively. For instance, much of the preclinical rationale for inhaled b-agonists in ARDS relied on physiologic surrogates, such as improved pulmonary mechanics (30, 31) and faster clearance of extravascular lung water (32) . Because impaired extravascular lung water clearance was implicated in prolonging ARDS and thus mechanical ventilation, it was reasonable to test inhaled b-agonists to shorten ventilator duration in the ALTA (Albuterol for the Treatment of Acute Lung Injury) trial (4). However, the off-target effects of b-agonists, specifically tachycardias and arrhythmias, may have resulted in the higher mortality seen with albuterol in ALTA. This would have been difficult to appreciate in preclinical models, most of which did not assess mortality. However, the increased rate of arrhythmias with intravenous b-agonists in a previous pilot trial (33) could have cautioned that the off-target effects of albuterol may have impacted outcome, specifically mortality, requiring a reassessment of whether VFDs were the appropriate outcome measure in ALTA. The requirement that a tested intervention simultaneously improve both mortality and ventilator duration is more complex than it appears. Consider a thought experiment of only two types of patients: those who will die and those who will survive absent an intervention. In the presence of an intervention, it is plausible that subjects who would have died will now survive, albeit at the expense of longer ventilation among those who would have survived. This scenario is commonplace (e.g., extracorporeal support), and in situations such as this, mortality should be chosen as the appropriate endpoint. VFDs would be defendable if, in addition to reducing mortality among those who would have died, the intervention also reduces ventilator duration among those who would have survived.
Analytic Methods
Upon deciding to use VFDs, researchers must then decide how to appropriately analyze this outcome measure. VFDs are a problematic variable to analyze, with a skewed distribution and inflation of both 0s and 28s (34) . By definition, "0 VFDs" can refer to a nonsurvivor who died within 24 hours of randomization or to a survivor ventilated for greater than or equal to 28 days, which complicates the interpretation of the efficacy of an intervention.
Traditional Methods of Analyzing VFDs
Traditional strategies for analyzing VFDs include Student's t test (and analysis of Rank-sum tests are also used for comparing VFDs (1). One advantage is that power is less impacted by a skewed distribution of VFDs. Disadvantages of the rank-sum test are that it does not provide a measure of the magnitude of treatment effect and does not readily lend itself to interim monitoring using the a-spending approach. Although the rank-sum test can be stratified by categorical variables, it cannot adjust for continuous variables. Effect size is often reported as a difference in medians, which is problematic. There is a common misconception that the rank-sum test is a test of the equality of medians. Although commonly reported as such, the rank-sum test is not based on differences of medians. Rather, it tests whether outcomes in one group tend to be better or worse than outcomes in the comparator, which can occur even if medians are identical. Finally, the mortality component (i.e., VFDs = 0) is critically important but will have little effect on the median, making the reporting of median VFDs of dubious value.
VFDs Are a Competing Risk Problem
VFDs can also be evaluated with a time-toevent analysis censored at 28 days, with the event of interest as extubation and mortality a competing event. Fine and Gray competing risk regression is used to assess VFDs in this framework (35) (see online supplement). Competing risk regression addresses the situation when more than one mutually exclusive endpoint is possible: in this case, successful extubation or death. This analysis provides a subdistribution hazard ratio (SHR), the magnitude of which is affected by both the time to extubation and the probability of death. SHR assesses the association between an intervention and extubation, accounting for the existence of the alternative outcome of death. Advantages of this approach are that SHR measures an appropriate effect size and that the regression readily accommodates covariates for improved precision of treatment effects (36) (37) (38) . The primary disadvantage is that competing risk regression, such as Cox regression, relies on the proportional hazards assumption.
Relative Power of Statistical Tests
Relative power of different tests in 3,000 simulations of a two-arm trial with n = 300 per arm was computed ( Table 2) . We varied whether the effect was driven by (Table 2) . However, when VFDs at 60 or 90 days were considered, the Student's t test performed poorly, especially when the effect was driven by duration of ventilation (Tables E1 and E2 in the online supplement).
A Framework for Improvement
We have four broad recommendations for reporting failure-free days (Table 3) : 1) define the outcome measure (e.g., VFDs) explicitly, 2) use competing risk regression for analysis, 3) report the main effect of the composite, and 4) report the components. First, VFDs need to be explicitly defined. Building on prior studies (9), we suggest the standards outlined below for VFDs.
Start Time
For clinical trials, we suggest using day of randomization as Day 0 and reporting duration of intubation before randomization as a baseline variable (9) . For observational studies, day of ARDS onset or day of intubation is acceptable. Day of intubation may also be used as Day 0 in trials with very short time frames between intubation and randomization.
Time Frame
We suggest using 28 days. Durations longer than 28 days are rarely justified for VFDs or most organ failure-free days, because the majority of extubations, organ failure resolutions, or deaths occur within 28 days. Use of VFDs at 60 or more days further increases the skew and can adversely impact power.
Successful Extubation
We suggest using extubation more than 48 hours as success, as is done in most adult trials (4, 21, (39) (40) (41) . Pediatric trials have used both .24 hours (42) and .48 hours (43) without reintubation as cutoffs. Per our recommendations for how to handle 28-day nonsurvivors below, "successful extubation" also implies survival to at least 28 days.
Interval Extubation
We suggest counting from the day of final successful extubation if there were repeat intubation episodes in the first 28 days, as has been reported in adult trials (6) . This prioritizes the clinical relevance of VFDs because patients are not credited for interval extubations. Not crediting modest interval extubations is also consistent with the recent WIND (Weaning according to a New Definition) study (34) .
Noninvasive Support and Tracheostomies
We recommend not counting noninvasive support, and we suggest that tracheostomies should be treated as other invasive ventilation (i.e., .48 h off of positive pressure constitutes success).
Value for Extubated Decedent
We recommend assigning all 28-day nonsurvivors 0 VFDs, regardless of their intubation status, and censoring observations after 28 days. Assigning all nonsurvivors 0 VFDs appropriately penalizes mortality. Censoring after 28 days (thus ignoring deaths .28 d) reflects that the primary aim of VFDs is to capture the effect of an intervention on the combined 28-day ventilator duration and mortality rather than mortality at any time point. Thus, the subject's status at Day 28 should determine their VFDs. Second, the analytic technique should be explicitly described and appropriate to the requirements of the study. We recommend competing risk regression for most analyses because it provides good power, allows for adjustment of covariates or stratification variables, allows interim monitoring, and provides a meaningful overall effect size (SHR).
Finally, we recommend reporting both the main effect and the components of the composite outcome measure. Detailed reporting of the components is often omitted from analyses. The main effect would be reported as either the adjusted or unadjusted SHR with 95% confidence intervals and a P value. To illustrate our recommendations for reporting and analyzing VFDs, we present a reanalysis of five ARDSNet (Acute Respiratory Distress Syndrome Clinical Network) trials in which we define VFDs as recommended above and use competing risk regression ( (39) , the fluid management arm of FACTT (22), ALTA (4), and OMEGA (Omega Nutritional Supplement Trial) (6) . These trials were chosen because VFDs were either a primary or coprimary outcome or were the major positive finding in the study. As a complement to reporting results in this manner, plotting the cumulative incidence function also provides insights into the time dependency of the effect size and absolute risk estimates at specific time points (Figure 2 ). If the two curves cross, it indicates that the probability of successful extubation (accounting for mortality) was initially higher in one group but later higher in the other. In all scenarios, the reported SHR would be interpreted as the average SHR.
These analyses illustrate the conceptual and practical advantages of this approach. First, this allows an estimation of effect size (SHR) with confidence intervals. Second, the SHR can be presented as an effect estimate similar to the hazard ratio, a commonly used approach to communicate efficacy data. In ALTA and FACTT, for instance, the intervention group had a 30% higher rate of intact extubation (SHR, 1.30), whereas in OMEGA, the intervention group had a 27% lower rate (SHR, 0.73). We argue that this interpretation is more meaningful and less prone to misinterpretation than a report of additional (or fewer) VFDs, which, because VFDs include the term "days," is prone to misinterpretation. Third, relative contributions of mortality and ventilator duration are explicit in this framework. ARMA and FACTT have identical SHRs, but the benefit of low VT in ARMA is driven entirely by mortality, whereas the efficacy of conservative fluids in FACTT is primarily due to shortening ventilator days. Finally, competing risk regression accommodates interim monitoring that incorporates partial outcome data on subjects who are alive and intubated (i.e., censored at time of interim analysis). Furthermore, the test statistic has independent increments, which simplifies calculation of early stopping rules.
Disadvantages of this approach are that 1) statistical power may be lower when the effect is driven primarily by ventilator duration and 2) valid inference depends on underlying assumptions. The key assumption for competing risk regression is the proportionality of hazards. However, if this assumption is not met, the SHR can be interpreted as an average SHR. Nonproportionality would also be visually evident in a cumulative incidence function plot.
When to Use the Wilcoxon Rank-Sum Test
When the effect of an intervention on VFDs is primarily through shortened duration of ventilation rather than mortality, the Wilcoxon rank-sum test has higher power than competing risk regression (Table 2 ). If this is suspected a priori, rank-sum tests may be preferred in these scenarios, particularly if covariate adjustment or interim monitoring is not needed. Specific situations, such as stratified randomization by center or severity-of-illness score, are particularly difficult to adjust for at the analysis stage using the rank-sum test.
Conclusions
It can reasonably be questioned whether VFDs and similar composite outcome measures should continue to be used, given their limitations, and the components should be required to be reported. However, for certain populations (e.g., pediatric patients), there is little choice, because interventions are postulated to improve some physiology or organ dysfunction, and yet death occurs commonly enough that it must be accounted for in analysis. We propose that when mortality alone is not a practical endpoint, and if an intervention is hypothesized to improve both mortality and ventilator duration on the basis of strong biological plausibility, then VFDs are an efficient and useful method to assess the combined effect of an intervention on ventilator duration and mortality. In this paper, we outline situations in which VFDs may be considered, and in those situations, we provide guidance for definition, analysis, and reporting of VFDs. These recommendations are broadly applicable to other failure-free day outcomes, although less common metrics (e.g., delirium-free or hospital-free days) require more investigation to assess the optimal time frame (14 vs. 28 vs. 60 d) to ensure that most subjects will experience the outcome event within the time frame and to minimize skew. For most organ failureand vasopressor-free days, a 28-day time frame is likely most appropriate. Finally, we believe that quantifying treatment effect in critical care in a competing risk framework offers several inferential and statistical benefits. n Author disclosures are available with the text of this article at www.atsjournals.org.
